Summary
Accurate stress states (both the elastic and inelastic components) are required in order to assess how close a nuclear core component is to failing. Design engineers must be able to compute the current stress state and the current strain state given a load history. Strain states are needed to assess deformations in order to ascertain serviceability issues relating to failure, e.g., has too much shrinkage taken place for the core to function properly. Work on implementing an inelastic constitutive models is proposed here that will yield the requisite stress-strain information necessary for graphite component design. Failure probabilities (as opposed to safety factors) are required in order to capture the variability in failure strength (at least in tensile regimes). The current stress state is used to predict the probability of failure. Stochastic failure models are proposed in this work that can accommodate possible material anisotropy. This work also proposes to model material damage due to radiation exposure, i.e., develops a predictive capability on how the mechanical properties degrade with radiation exposure.
Contributions and Relevance
Having the capability to accurately predict stress and strain states in graphite is critical to the Gen IV initiative. As Eason et al. (2008) points out constitutive models for nuclear graphite material are largely empirically based, especially when the effects of irradiation are accounted for. Historically models have been proposed to capture stress and strain states for graphite materials using phenomenological models. These types of models have a potential to capture material behavior in elevated temperature applications where stress states are dependent on past thermal and mechanical load histories. This approach requires the use of state variables in order to capture the non-linear behavior exhibited by graphite, especially for compressive stress regimes. The work here proposes the use of potential functions to derive constitutive models, both for the elastic and the inelastic response of the material. The tasks outlined below provide a framework aimed at developing the mechanistic modeling capabilities needed for implementation of the next generation of commercially available nuclear reactors.
Task #1 This effort involves the development and implementation of a thermo-elastic constitutive (stress-strain) relationship that can predict different behavior in tension and compression and allows for material anisotropy (transverse isotropy is alluded to in the literature). This capability is available in the COMSOL finite element analysis software. However, the appropriate temperature dependent equations for the various elastic material constants must be identified by searching the literature, or developing spline functions that fit published (or unpublished) material data.
In addition, damage mechanics models will be developed that accounts for radiation damage. The method of representing damage here requires associating a damage parameter with the loss (strain softening) or gain (irradiation) of stiffness in a material undergoing radiation. Define E 0 as the Young's modulus of a virgin material, and E as the current value of Young's modulus in a material subjected to a damage process, e.g., irradiation, creep fatigue, chemical erosion, or cyclic fatigue. Stiffness changes with damage and a scalar damage parameter ω can be defined as φ ω
where φ is known as continuity. The damage parameter ω ranges from 0 (E = E 0 , the undamaged state) to 1 (E = 0) where the material has totally lost the ability to sustain an applied load. Consequently the continuity parameter φ ranges from 1 (undamaged) to 0 (material can not sustain load). The damage process is a thermodynamic process and either damage parameter defined above can serve as a "state variable" in an engineering mechanics model. The next step is defining how the damage parameter evolves with time. One commonly used evolutionary law for the continuity function is a simple power law that could account for strain softening. The damage rate can be expressed as
for strain softening, which yields the following expression for the continuity parameter
The effort proposed here entails incorporating existing models such as the Eason et al. (2008) model for irradiation damage into rate expressions of the format stipulated above. It is noted that radiation damage is manifested through a change in elastic material constants. A scalar state variable is initially proposed, but a tensorial damage state variable could be utilized to account for directional damage.
Task #2 An inelastic, time dependent constitutive model developed by Janosik and Duffy (1998) will be incorporated into COMSOL. This multiaxial constitutive model allows for creep and different inelastic stress-strain behavior in tension and compression. If the inelastic behavior of graphite exhibits anisotropic behavior the model will be extended to account for transversely isotropic time dependent responses. The theory is derived from a scalar dissipative potential function attributed to Robinson (1978) , which is identified here as Ω. Under isothermal conditions, this function is dependent upon the applied Cauchy stress (σ ij ) and internal state variable (a ij ), i.e.,
The parameters K, µ, R, H, n, and m are material constants related to inelastic behavior. Several of these quantities are strongly temperature-dependent in a non-isothermal environment. A paper by Robinson and Swindeman (1982) provides the approach by which an extension can be made to non-isothermal environments. Specific macroscopic behavior (e.g., different behavior in tension and compression) is readily embedded in the model through the use of invariant theory. A three-parameter flow criterion originally proposed by Willam and Warnke (1975) for concrete serves as the threshold flow criterion, F, for the model above, i.e.,
If the inelastic behavior of graphite material exposed to radiation is affected, then damage mechanics can be coupled with the inelastic constitutive model in order to capture phenomenon such as strain softening. Damage mechanics can also be utilized with an inelastic constitutive model to capture tertiary creep. Both phenomenon, i.e., strain softening and tertiary creep will be modeled using a scalar state variable.
Task #3
Having accurate stress states that include elastic and inelastic stress components facilitates the assessment of graphite component failure probabilities. It is important to realize that graphite is inherently brittle. Graphites fail in tension due to flaws that are introduced during processing. Critical flaws introduced during these operations are so small that they are beyond detection by current nondestructive evaluation techniques. We propose to incorporate into the CARES (1990) algorithm an interactive reliability model that accounts for different behavior in tension and compression analogous to the Burchell reliability model (2006) . The reliability model uses the Willam and Warnke (1975) model cited above to define failure since the criterion allows for different behavior in tension and compression. Importance sampling techniques will be utilized to compute the probability failure within a continuum element (finite element). The model will be integrated into the CARES algorithm for use with COMSOL. Since the interactive reliability model is phenomenologically based, tensorial invariants will be incorporated into the model to account for anisotropic failure behavior. Use of phenomenological models is advocated due to the ease of incorporating material anisotropy mathematically through tensorial invariant theory.
Budget
The work effort will span three years. Note that for the most part the tasks identified above can move ahead in parallel and can be funded for the most part independently of one another. Hence an estimated budget is provided as follows where an individual graduate student is assigned to each task. 
